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摘要 
含过渡金属的化合物与合金在数据存储、光催化和能量存储与转换等领域有
重要的应用，主要得益于其特定的电子结构、力学性能等性质。本论文利用基于
密度泛函理论的第一性原理计算方法，选取特定的研究体系，系统地探索了过渡
金属化合物与合金的电子结构（第三章）、内部原子扩散（第四章）、力学性能
（第五章）以及压力与温度对其性质的影响（第六章）。 
为了研究缺陷和掺杂对过渡金属氧化物电子结构的调制，我们以 SrZrO3为
研究对象，首先研究了内部含有有序氧空位和部分无序氧空位体系的电子结构。
计算结果表明，有序氧空位列构成的导电通道显著地提高了体系的导电性，对应
SrZrO3阻变式存储器低电阻的 ON-state；而有序氧空位列的断裂会破坏导电通道，
从而对应高电阻的 OFF-state。外电场通过电子的注入和移出控制氧空位列的形
成和断裂，从而实现存储器逻辑状态的改变。除了在阻变式存储器上的应用，
SrZrO3也可用于光催化制氢。为了进一步提高 SrZrO3分解水制氢气的效率，本
文研究了单一元素掺杂和两种元素共掺杂对其电子结构的调制。计算结果显示阳
离子和阴离子元素的共掺杂能够有效地缩小 SrZrO3的带隙，且价带和导带的能
级位置与水的氧化还原电势相匹配，从而使其可作为一种高效的可见光催化剂。
结果同时证明，带隙超过 5eV 的半导体也可以通过调制带隙成为有效的可见光
催化剂。 
阻变材料内部氧空位的扩散控制着阻变式存储器中电阻的转变，从而对存储
器的性能参数起着决定性的作用。本论文利用第一原理计算结合过渡态搜寻方法，
定量研究了阻变材料 SrZrO3中氧空位的扩散，发现氧空位的扩散行为与其带电
状态密切相关。其中
2+
OV 的扩散具有最低的激活能，因此
2+
OV 对电阻转变的贡献
最大。为了调制 SrZrO3阻变式存储器的性能，系统研究了一系列掺杂元素(Y、V、
Nb和 Ta)对
2+
OV 扩散的影响，得到了掺杂元素的价电子数目和原子半径对氧空位
扩散影响的规律，为优化阻变式存储器的性能提供了一定的理论指导。 
二维过渡金属碳化物 MXene在锂离子电池电极材料，超级电容器和电子器
件中有巨大的应用前景。材料的力学性能对于阐明由层状过渡金属碳化物 MAX
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相材料合成MXene的微观机理和实现MXene器件的柔性化至关重要。本文系统
探索了一系列MAX相（Mn+1AlCn）和MXene（Mn+1Cn）材料的力学性能。首先
研究了M2AlC (M=Ti、Zr、Hf、V、Nb、Ta、 Cr、Mo和W)在拉伸和剪切变形
下化学键的变化。结果表明，在拉伸变形时，M-Al 键被逐渐拉长至断裂，导致
M2C层逐渐和Al层分离；而M2AlC的剪切变形可理解为M2C层和Al层在（0001）
面上的相对滑移。由此可知，M2C和 Al层间的结合强度决定了M2AlC的理想强
度。这一结果预测了通过机械剥离 MAX 相材料合成 MXene 的可能性并阐明了
其微观机理。为了实现MXene器件的柔性化，系统地研究了MXene材料 Tin+1Cn
（n=1、2和 3）的拉伸应力应变关系以及其变形机理，发现二维 Ti2C材料在双
轴和沿 x、y方向的单轴拉伸变形时能承受的最大应变分别为 9.5%、18%和 17%。
而经过 O原子对 Ti2C表面官能化之后，这些应变值相应地增大为 20%、28%和
26%。二维 Tin+1Cn MXene材料的弹性失效是由于其表面原子层在应变下的突然
塌陷，而表面官能化能够减缓这种塌陷的发生，从而改善了其机械柔韧性。综上
所述，该研究阐明了 MXene材料的变形机理，并为其在柔性电子器件的应用提
供了一定的理论支撑。 
对于材料在高压下基本性质的研究，这里以一种 γ 相 Ni2Zn11为例，利用第
一性原理计算的方法系统地计算了其弹性性质、电子结构和热力学性质随外压力
增加的变化。结果表明 Ni2Zn11在 0-71GPa的压力范围内仍能保持能量、机械和
动力学的稳定性。通过分析 Ni2Zn11在一系列压力下的电子结构可知，费米能级
处的伪带隙能够有效地降低体系的电子能量，决定了 Ni2Zn11在高压下的稳定性。
即 γ相在常压的稳定机理在高压下仍然存在。同时，本文也计算和分析了 Ni2Zn11
在高压下的一系列热力学性质。以上结果详细阐明了 γ相在高压下的稳定机理和
性质的变化。 
 
关键词：阻变存储材料；光催化；柔性电极材料；高压；第一性原理计算 
厦
门
大
学
博
硕
士
论
文
摘
要
库
Abstract 
III 
 
Abstract 
Transition metal oxides/carbides have great application in resistance random 
access memory (RRAM), photocatalysis and energy storage and conversion devices. 
In this dissertation, using several materials as examples, we have extensively 
investigated the electronic structure (chapter 3), atomic diffusion in a solid (chapter 4), 
mechanical properties (chapter 5) and dependence of material performances on 
pressure and temperature (chapter 6) of transition metal compounds and alloys by 
means of first principles calculations based on the density functional theory.  
To unravel the modulation principles of electronic structure, using SrZrO3 as an 
example, we have firstly investigated the electronic structures of bulk SrZrO3 with 
ordered and disordered oxygen vacancies (VO). Our results show that the formation of 
oxygen vacancy row (VO-row) results in the defect assisted conduction channel, 
which is the “ON”-state of SrZrO3 RRAM, while the disruption of the ordered 
VO-row breaks this conduction channel and hence this structure is the OFF-state of 
SrZrO3 RRAM. The formation and disruption of VO-row is triggered by the applied 
electric field through electron injection and removal. While for the doping cases, the 
electronic structures of mono-doped and co-doped SrZrO3 are investigated to obtain 
design principles for improving their photocatalytic activity in hydrogen generation. 
The cationic-anionic co-doping in SrZrO3 could reduce the band gap significantly and 
its electronic band position is excellent for the visible-light photocatalysis. We report 
a new type of candidate material for visible-light driven photocatalysis, i.e., huge-gap 
semiconductors with band gap larger than 5 eV. Furthermore, based on the present 
results we have proposed the design principles for band gap engineering that provides 
general guideline for other huge-gap semiconductors. 
For atomic diffusion in material, we studied the diffusion of oxygen vacancy in 
resistance switching material, which plays a key role for resistance switching in 
RRAM. Based on first principles calculations and transition state theory, using 
SrZrO3 as an example, we extensively studied the diffusion of oxygen vacancy in 
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resistance switching material, finding that the diffusion energy of oxygen vacancy 
strongly depends on its charge states and 
2+
OV  contribute mostly to the resistance 
switching due to its lowest activation energy. To adjust the performance of SrZrO3 
RRAM, the effects of dopants (Y, V, Nb and Ta) were revealed according to their 
modifications on the diffusion of 
2+
OV . We found that doping of Y or V has the most 
significant improvement on the performance of RRAM devices. Furthermore, for 
dopants with various numbers of valence electrons and atomic radius, general design 
principles were proposed based on their different effects on the RRAM characteristics. 
Our results will guide the experimentations and pave a new way for the optimizing of 
RRAM devices. 
According the mechanical properties of transition compounds and alloys, we 
choose layered transition metal carbides (Mn+1AlCn, refered to as MAX phases) and a 
new family of two-dimensional (2-D) transition metal carbides (Mn+1Cns, labeled as 
MXenes) as the model systems. MXenes, derived from MAX phases, attract 
increasing interest due to the promising applications as Li-Ion battery anodes, hybrid 
electro-chemical capacitors and electronic devices. To predict the possibility of 
forming various MXenes, we investigated the chemical bonding changes of MAX 
phases in response to tensile and shear stresses M2AlC (M=Ti, Zr, Hf, V, Nb, Ta, Cr, 
Mo and W) as examples. Our results show that the M2C layer is likely to separate 
from the Al layer during the tensile deformation, where the failure of M2AlC is 
characterized by an abrupt stretch of the M-Al bonds. While under shear deformation, 
the M2C and Al layers slip significantly relative to each other on the (0001) basal 
planes. It is found that the ideal strengths of M2AlC are determined by the weak 
coupling of the M2C and Al layers, closely related to the valence-electron 
concentration. Our results unravel the possibility as well as the microscopic 
mechanism of fabrication of MXenes through mechanical exfoliation from MAX 
phases. Furthermore, to realize MXenes devices in future flexible practical 
applications, we studied the stress-strain curves and the deformation mechanisms in 
response to tensile stress using 2-D Tin+1Cn (n=1,2 and/or 3) as examples. We find 
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that 2-D Ti2C can sustain large strains of 9.5%, 18% and 17% under tensions of 
biaxial and uniaxial along x and y, respectively, which respectively increase to be 
20%, 28% and 26.5% for 2-D Ti2CO2 by surface functionalizing oxygen that is much 
better than graphene (15% biaxial). The elastic failure of 2-D Tin+1Cn MXene is due 
to the significant collapse of the surface atomic layer, while surface functionalization 
could slow down this collapse, resulting in the improvement of mechanical flexibility. 
The present results provide an insight into the microscopic deformation mechanism of 
MXenes and hence benefit their applications in flexible electronic devices. 
 To investigate materials’ performances under high pressure, we have 
extensively studied the elastic, electronic properties and thermodynamic as well as 
their dependences on pressures up to 71 GPa by first principles calculations using one 
γ brasses phase (N2Zn11) as an example. We found that Ni2Zn11 remains energetically, 
mechanically and dynamically stable under the present studied pressure range. Further 
analysis on the electronic structure of Ni2Zn11 unravels that under various pressures, 
the pseudogap at the Fermi level which reduces the electronic energy of the system 
accounts for the stability of γ brasses, i.e., the well-known stabilization mechanism 
still holds at high pressure. Besides, various thermodynamic quantities of Ni2Zn11 
under high pressure were systematically calculated and analyzed. Our present results 
extend the knowledge of the stabilization mechanism and performance of γ brasses to 
a high pressure condition. 
 
 
Keywords: resistance switching material; photocatalysis; flexible electrode material; 
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第一章 绪论 
1.1 引言 
含过渡金属的化合物与合金凭借其在信息存储、催化、能源等多个领域的重
要应用，成为了材料领域的研究热点。科学家利用实验方法在材料的制备、表征
和性能测试等方面做了大量的工作。随着计算材料学的发展，利用第一性原理计
算使我们可以从电子、原子尺度上研究过渡金属化合物与合金的基本性质，并能
够进行一些性能的调控，从而为其能更好地解决能源、环境等问题提供理论基础。 
1.2 过渡金属化合物与合金 
过渡金属这一名词最早由门捷列夫提出，以表示碱金属到锰族和铜族到卤素
这两个“周期”之间具有过渡性质的元素。现在，我们所指的过渡金属是指元素
周期表中 d区的一系列金属元素，包括 7个副族和第八族。除了金、银等几种元
素以单质形式稳定存在以外，其余大部分的过渡金属都是以其化合物与合金的形
式存在于地壳中。由于这些元素具有未填满的 d轨道即未成对电子数目较多，因
此具有多种价态和丰富的物理化学性质。过渡金属的化合物是无机功能材料的一
个重要分支，在众多领域具有重要的应用。例如 SrTiO3
[1]、SrZrO3
[2-5]、TaOx
[6]、
ZrOx
[7]、HfO2
[8]、TiO2
[9,10]等材料在电场作用下导电性会发生可逆变化，可以应
用于新型的半导体存储器中。同时，众多过渡金属氧化物如 BiVO4
[11]、WO3
[12]、
BiNbO4
[13,14]、SrTiO3
[15]、SrZrO3
[16,17]、La2Ti2O7
[18]、Sr2Nb2O3
[19]和 Sr2Ta2O7
[20]等
经过带隙工程的调制后，可以分别用做光催化分解水制氢气的催化剂和太阳能电
池材料。另外众多锂基氧化物[21,22]、钒基氧化物[23]和过渡金属的碳化物[24-28]在锂
离子电池和超级电容器等领域有广泛的应用。同时，过渡金属的合金也经常被用
做阻变式存储器和能源器件中的电极材料。过渡金属化合物与合金的这些重要应
用往往是由其特定的电子结构、固体内部原子的扩散、机械性质、电化学性质等
中的一种或者几种性质决定的，这其中的关联需要进一步的研究和探索。随着计
算机技术的进步和电子结构计算方法如密度泛函理论的发展，第一性原理方法处
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理这些含有 d电子的强关联体系的精确性有了显著提高，从而使我们从理论上能
够精确地预测和调控过渡金属化合物与合金的性质。因此，理论模拟不仅可以通
过更直接的物理图像解释实验现象，而且可以一定程度地在理论上指导实验研究，
使其更高效地进行。 
1.3 过渡金属化合物与合金的一些重要应用 
1.3.1 阻变式存储器  
阻变式存储器与相变存储器类似，都是基于电流脉冲引起的电阻转变来存储
信息的。不同的是，相变存储器的电阻转变是基于快速转变的非晶相与晶相之间
的电学性能差异[30,31]；而阻变式存储器的电阻转变是基于电流脉冲产生的空位/
离子运动引起的绝缘体软击穿，这一过程中晶体结构不发生明显变化[9,10,29,32-34]。
阻变式存储器凭借其结构简单、开关速度快、数据密度高和良好的 CMOS 工艺
兼容性等优点，被认为是新一代存储技术的重要备选之一。 
 
 
图 1.1 （a）阻变式存储器的基本结构、（b）单极性和（c）双极性阻变式
存储器的电流-电压曲线[29]。 
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